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Abstract Antarctic ice rises originate from the contact between ice shelves and one of the numerous
topographic highs emerging from the edge of the continental shelf. While investigations of the Raymond
eﬀect indicate their millennial-scale stability, little is known about their formation and their role in ice
shelf stability. Here we present for the ﬁrst time the simulation of an ice rise using the BISICLES model. The
numerical results successfully reproduce several ﬁeld-observable features, such as the substantial thinning
downstream of the ice rise and the successive formation of a promontory and ice rise with stable radial ice
ﬂow center, showing that ice rises are formed during the ice sheet deglaciation. We quantify the ice rise
buttressing eﬀect, found to be mostly transient, delaying grounding line retreat signiﬁcantly but resulting
in comparable steady state positions. We demonstrate that ice rises are key in controlling simulations of
Antarctic deglaciation.
1. Introduction
Ice rises are locally grounded areas in ﬂoating ice shelves of the Antarctic Ice Sheet that can signiﬁcantly
reduce the ﬂow speed of ice shelves through what is known as the buttressing eﬀect [Gudmundsson, 2013].
Most Antarctic ice rises are characterized by the Raymond eﬀect, which involves a higher eﬀective viscosity
underneath the divide compared to the ﬂanks, due to the nonlinear nature of the ﬂow law of ice [Raymond,
1983; Conway et al., 1999]. Analysis of the Raymond eﬀect informs on long-term stability of ice rises. Given the
large arches developed in the internal ice layers underneath the ice divide, many ice rises are characterized
by a radial ice ﬂow center for several thousands of years [Martin et al., 2006; Drews et al., 2015]. The tempo-
ral stability of ice rises makes them climate archives of the last millennia. Ice rises also play an active role in
ice shelf stability, and their removal may lead to ice shelf instantaneous speedup of up to 50% [Borstad et al.,
2013]. To date, however, studies on the transient evolution of ice rises, how they form, and what determines
their stability are sparse.
Topographic highs on the continental shelf underneath ice shelves may induce the formation of either an ice
rumple or an ice rise, once the ice shelf bottom is in contact with the so-called pinning point. Ice rumples are
characterized by an overriding ice sheet and hence do not induce horizontal divergence of the main ice ﬂow
direction. Their formation has been previously studied numerically by Favier et al. [2012], who investigated
how local grounding of an ice shelf has an important eﬀect ongrounding line advance: pinning of the ice shelf
substantially increases buttressing, slows down the ice shelf, and makes the grounding line advance until it
engulfs the ice rumple that has formed on top of the pinning point.
When the contact between an ice shelf and the pinning point is lost, one expects that the subsequent loss
of buttressing leads to an acceleration of the ice and subsequent retreat of the grounding line (see the veri-
ﬁcation experiment by Favier et al. [2012]). However, acceleration of an ice sheet due to unpinning of the ice
shelf has not been clearly demonstrated so far. In the Amundsen Sea sector, the eastern ice shelf of Thwaites
Glacier has been accelerating since 2008 [Mouginot et al., 2014]. This could be explained by a progressive
unpinning of the ice shelf at its terminus [Tinto and Bell, 2011] or by a retreat of the grounding line caused
by enhanced sub–ice shelf melting [Mouginot et al., 2014]. Moreover, ungrounding of the eastern ice shelf of
Thwaites Glacier seems to have little inﬂuence on the icemass ﬂux according to a recentmodel study [Joughin
et al., 2014].
Unlike an ice rumple, an ice rise exhibits a radial ice ﬂowcenter separate from themain ice sheet. Thedynamics
of an ice rise are clearly disconnected from the neighboring ice shelf which ﬂows around the obstacle. Ice
rumples and ice rises are common around the Antarctic Ice Sheet. For instance, they are found in the Amery
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Ice Shelf [Fricker et al., 2009], in the Ross Ice Shelf with the Crary and Steershead ice rises [Fahnestock et al.,
2000] and Roosevelt Island [Martin et al., 2006], in the Larsen C Ice Shelf with the Bawden and Gipps ice rises
[Jansen et al., 2010], and in the Ronne Ice Shelf with the Korﬀ and Henry ice rises surrounding the Doake ice
rumples [Johnson and Smith, 1997]. They are also numerous along the Dronning Maud Land (DML) coast in
East Antarctica and may therefore strongly aﬀect ice sheet stability in this region. Yet observations along the
DML coast show stable ice rises and ice rise promontories within the ice shelf, all deﬁned by a ﬂow center, and
according to the developed Raymond eﬀect, they have been stable features for thousands of years [Drews
et al., 2013, 2015].
A prior attempt to simulate an ice rise was done byGoldberg et al. [2009]. The numerical experiment consisted
in adding a pinning point underneath the ice shelf of a steady state ice sheet. Buttressing induced by the
pinning point led to an advance of the grounding line, such as the one caused by the ice rumple in Favier et al.
[2012], but the ice rise created was not stable and eventually swallowed by the advancing ice sheet.
Therefore, the transient formation of ice rises within an ice shelf and their supposed stability for millen-
nia have never been simulated. Moreover, given the low spatial resolution, current ice shelf models of the
Antarctic Ice Sheet fail to reproduce the formation and/or disintegration of ice rises, as they are initially con-
sidered grounded features within the ice shelf. The potential of ice rises to buttress ice sheets should bemore
investigated by proper simulations.
In order to gain an insight in the formation and evolution of ice rises, we test the hypothesis that ice rises
are formed during deglaciation and subsequent grounding line retreat across the continental shelf since the
Last Glacial Maximum. During that period, the East Antarctic Ice Sheet advanced to the continental shelf mar-
gin in some parts of East Antarctica, and the ice sheet characteristically thickened by 300–400 m near the
present-day coastline at these sites [Mackintoshetal., 2014]. This advancewas associatedwith the formationof
low-gradient ice streams that grounded at depths greater than 1 km below sea level on the inner continental
shelf [Mackintosh et al., 2014].
With a state-of-the-art ice sheet model, we simulate the deglaciation of a grounded ice sheet resting over a
continental shelf-like topography across a topographic high. Grounding line retreat is triggered by a constant
rate in sea level rise over millennia. During the retreat, the topographic high gives rise to the development
of an ice rise promontory and subsequently a local-ﬂow ice rise, for which a steady state ice sheet/ice shelf
system is obtained. Results are compared with a simulation lacking the topographic high to inform about the
eﬀect of ice rises on ice shelf stability, buttressing, and grounding line migration rates.
2. Methodology
2.1. Experimental Setup
The experimental setup is similar to other studies investigating grounding line retreat of the Antarctic Ice
Sheet, usinga synthetic bed topography [Schoof , 2007;Gudmundssonetal., 2012;Gudmundsson, 2013]. In case
of absence of lateral buttressing of the ice shelf (plane strain), grounding line migration occurs across retro-
grade bed slopes, i.e., a bed slope that slopes inland, which is also known as the condition to provoke marine
ice sheet instability [Weertman, 1974; Schoof , 2007; Durand et al., 2009]. The bedrock proﬁle is similar to the
one provided by Schoof [2007] and describes from the center of the ice sheet a gently lowering bedrock in the
direction of the ice ﬂow, a slight overdeepening in the coastal zone, and a steep dip representing the edge of
the continental shelf. This dipwill also limit themaximum seaward extent of the grounding line (and the edge
of the grounded ice sheet). The overdeepening facilitates grounding line migration, as in the absence of but-
tressing, the grounding line will not reach a steady state position during advance or retreat, as corroborated
by theoretical studies [Weertman, 1974; Schoof , 2007].
For the experiments, we used two types of bed topography b and br , respectively, deﬁned as follows:
b(x, y) = br(x) + bm(x, y)
br(x) = 600 + 𝛽
(
−2184.8
(
𝛼x
750 km
)2
+ 1031.72 ×
(
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)4
− 151.72 ×
(
𝛼x
750 km
)6)
bm(x, y) = 544 × exp
(
−(x − 650 km)2 − y2
2 × (15 km)2
)
(1)
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Figure 1. (a1 –a4) Plan view snapshots (elapsed time written inside the ﬁgure) of the evolution of the grounding line
during the formation of the ice rise. The red dot shows the topographic high summit, the gray lines are elevation
contours (shown every 50 m from 75 m to 175 m height to focus on the ice rise), and the background color displays ice
velocities. The complete movie of the transient behavior is included in the supporting information. (b) Elevations along
the central ﬂow line (y = 0). Bedrock elevation of the iceRise and noRise experiments are shown in solid and dashed
black lines, respectively. The initial and ﬁnal steady states of the iceRise experiments are shown in solid black and blue
lines, respectively.
The bed br (Figure 1) is a scaled version of the Schoof [2007] bed proﬁle but adapted to decrease the length
of the domain and hence the computation time with the higher-order ice sheet model. In the modiﬁed bed
b, a 2-D Gaussian function was superimposed to br to add the topographic high.
Glacial Isostatic Adjustment (GIA) is not considered in our model runs, to keep the idealized setup as simple
as possible. However, in reality GIA may aid in raising subglacial highs and favor pinning of the ice shelf due
to mass loss during grounding line retreat.
Two types of experiments are performed with the two diﬀerent bedrock setups b and br . They are further
referred to as iceRise and noRise, respectively (Figure 1b). In both cases, a spin-up is necessary to build the
initial steady state, which is obtained after 5 ka. The resulting grounding lines are then located downstream
of the retrograde slope area.
The retreat of the ice sheet is triggered through a rise in sea level of 1 cma−1 during 15 ka, leading to an overall
rise of 150m. For the iceRise experiment, the peak of the topographic high is initially at 120m above sea level
and reaches 30 m below sea level at end of the 15 ka sea level rise. For both experiments, the grounding line
retreats into the retrograde slope area, passes the topographic high in the iceRise experiment, and stabilizes
on thedownward slopingpart of thebedrockproﬁle (Figure 1a). The ﬁnal steady states are reached after 30 ka.
2.2. Ice Sheet Model
We use the freely available adaptive mesh ﬁnite-volume ice sheet model BISICLES (http://BISICLES.lbl.gov)
(see Cornford et al. [2013] for a comprehensive overview of the model characteristics). BISICLES solves the
Schoof-Hindmarsh approximation (L1L2) of the full Stokes equations on an adaptive horizontal grid produced
with the Chombo adaptive mesh reﬁnement toolkit. The L1L2 approximation is based on the Shallow Shelf
Approximation (SSA) in which the vertical shearing terms are neglected in the expression of the strain rate
and stress tensors but are included in the eﬀective viscosity expression [Schoof and Hindmarsh, 2010]. While
the eﬀective viscosity calculation incorporates vertically integrated stresses, the component of mass ﬂux due
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Table 1. Model and Bed Topography Parameters
Parameter Symbol Value Unit
Flow parameter A 3.10−25 Pa−3 s−1
Seconds per year 31,536,000 s a−1
Accumulation rate as 0.3 m a
−1
Basal melting/accretion ab 0 m a
−1
Glen’s exponent n 3
Bed friction parameter C 7.624 × 106 Pa m−1∕3 s1∕3
Bed friction exponent m 1/3
Sea density 𝜌w 1,000 kg m
−3
Ice density 𝜌i 900 kg m
−3
Gravity g 9.8 kg m−3
Domain length L 800 km
Domain width W 256 km
Maximum reﬁnement 0.5 km
Bed parameter 𝛼 1.9
Bed parameter 𝛽 0.75
to vertical shearing is neglected because of
its eﬀect of signiﬁcantly reducing the time
step. However, with respect to grounding
line migration, this approximation in com-
bination with a subkilometer grid spacing
across the grounding line gives results that
are in accord with full Stokes modeling
[Pattyn et al., 2013]. Furthermore, ground-
ing line dynamics are better represented
than in conventional SSA models or Pollard
and DeConto, 2012-type [2012] parameteri-
zations [Pattyn and Durand, 2013].
Besides the physical basis of the model,
a subkilometric spatial resolution is a nec-
essary condition to guarantee grounding
line migration [Pattyn et al., 2013; Pattyn
and Durand, 2013]; therefore, the resolution
ranges between 500m at the grounding line
and 4 km at the ice sheet divide and the calv-
ing front. Ice rheology is controlled by the
Glen’s ﬂow law, and the interaction between
the bed and the ice bottom surface by a Weertman-type nonlinear friction law [Weertman, 1957]. All model
parameters are listed in Table 1.
3. Results
Since the weak topographic high is engulfed by the grounded ice sheet at the initial state, there is hardly any
surface expression of the topographic eﬀect (Figure 1b). Therefore, both initial steady states are comparable.
Due to the limited inﬂuence of the topographic high, the initial grounding line is barely curved in plan view.
Also, the ﬁnal shape of the grounding line follows a straight line.
The grounding line of the iceRise experiment is initially located approximately 1 km downstream of its posi-
tion in the noRise experiment, and both initial volume above ﬂotation are quite similar within a few percent.
Durand et al. [2011] studied the eﬀect of a topographic high beneath a 2-D grounded ice sheet on its volume
above ﬂotation and grounding line position in steady state, for diﬀerent distances to the grounding line and
height above the bed of the topographic high. In our simulations, this height is about 500 m above the bed
and the high is located 70 kmupstreamof the grounding line at the initial steady state. For topographic highs
with similar height and distance to the grounding line, the study by Durand et al. [2011] gave similar results,
even though their simulation was 2-D and used a linear downsloping bed toward the sea.
In our simulations, the topographic highhas amorepronounced inﬂuence on the ﬁnal steady state grounding
line position. The nonbuttressed ice shelf (not inﬂuenced by the topographic high) retreats 25 km farther
inland compared to the buttressed ice shelf, which clearly demonstrates the eﬀect of the buttressing involved
by the newly established ice rise (see below).
During both experiments, the ice sheet retreat is due to the so-calledMarine Ice Sheet Instability (MISI), when
the grounding line enters a retrograde slope area. TheMISI hypothesis was developed by Thomas and Bentley
[1978] and Weertman [1974] and further veriﬁed through a boundary layer theory by Schoof [2007]. It has
been used to verify ice sheetmodels under idealized situations in a series of ice sheetmodel intercomparisons
[Pattyn et al., 2012a]. Once the grounding line retreats within the retrograde slope section, the grounding line
ice thickness increases, which must be balanced by an increased ﬂux. This, in turn, makes the grounding line
retreat farther inland, inducing thickness and ice ﬂux increase. In our experiments, the buttressing induced by
the ice rise is much more eﬀective on the retreat timing than it is on steady states. This is particularly true in
the comparison for the ice ﬂux computed at the inland grounding line (Figure 2b). The maximum rate of the
grounding line retreat is 150 m a−1 during the noRise experiment, which is about twice the corresponding
rate simulated during the iceRise experiment. Moreover, as shown in Figure 2a, the nonbuttressed ice sheet
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Figure 2. Retreat dynamics in between the initial and ﬁnal steady states for the iceRise and noRise experiments, in solid
black and blue lines, respectively. (a) Position of the most seaward grounded point and (b) ice ﬂux at this point, both
along the ﬂow lines at both sides of the domain. (c) Relative contribution to sea level rise for a 100 km wide glacier. The
black horizontal (in Figure 2a only) and vertical dashed lines represent the position of the topographic high peak and
the time of creation of a separated grounded area within the ice shelf, respectively.
response occurs about 2 ka earlier. Those diﬀerences in the grounding line retreat rates and timing lead to
a maximum diﬀerence of 200 km between the grounding lines after about 18 ka (Figure 2a) and cause large
diﬀerences in ice ﬂux at the grounding line (Figure 2b) and consequent sea level contribution (Figure 2c).
Contrary to the noRise experiment, where the grounding line is not inﬂuenced by lateral variations in ice ﬂow,
the grounding line in the iceRise experiment curves progressively around the topographic high between 15
and 19 ka (Figures 1a1 –1a4 and supporting information Movie S1). This curving ﬁrst elucidates an ice rise
promontory, characterized by a local peak and separated from the main ice sheet by a saddle. The local peak
equally induces local ice ﬂowwithﬂowspeeds that are several orders ofmagnitude lower than theﬂowspeeds
of the surrounding ice shelf (Figures 1a1 –1a4). During thenext 500 years, the saddle area disconnects from the
main grounded ice sheet and an ice rise appears. For the remaining time of the simulation, the main features
of the ice rise barely change until the ﬁnal steady state is reached. The ﬁnal curvature of the main grounding
line is straight, as it obviously is without the ice rise eﬀect. This underscores that once the ice rise develops
during grounding line retreat, it becomes a stable feature within the ice shelf.
Along ﬂow, the surface shape of the ice rise is asymmetric (Figure 1b), the upstream slope being gentler than
thedownstream side. In the central ﬂow line, the closer to the ice rise, the higher the longitudinal compression
(supporting informationMovie S2), which slows down the ice shelf ﬂow and increases the thickness upstream
of the ice rise. Downstream of the ice rise, the ice ﬂow is extensive and generates much thinner ice compared
to upstream of the ice rise. Those thickness diﬀerences between the two longitudinal sides of the ice rise lead
to a shift between the positions of the ice rise and the topographic high summits, the former being located
about 7 km upstream of the latter (Figures 1a1 –1a4).
4. Discussion
Many of the features simulated here are currently observable on real ice rises and ice shelves. The ratio
between ice velocities on the ice rise, in the range 0–10 m a−1, and those on the neighboring ice shelf, in the
range 100–1000 m a−1, diﬀers by 3 orders of magnitude, which compares well with the DML coast (Figure 3).
Such a large ratio across the sharp transition between the ice rise bottom ﬂanks and the ice shelf generates
high strain rates and associated internal extensive stresses of hundreds of kilopascals (supporting informa-
tion Movie S2). This is comparable to the tensile strength of ice indicated in Rist et al. [1999] that would lead
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Figure 3. Ice velocity, grounding line (black line), and ice surface elevation contours (gray lines, separated by 50 m
starting from 100 m high (Figures 3b–3e)). (a) Results of the iceRise experiment, (b) part of DML, and (c–e) zooms in for
diﬀerent sectors each shown by a rectangle in Figure 3b. The Derwael ice rise is shown in Figure 3e, while two unnamed
promontories are shown in Figures 3c and 3d.
to the observed rifting in similar areas of ice sheets. Also observable in reality is the asymmetry in ice thick-
ness upstream and downstream of the ice rise along the central ﬂow line. Upstream of the ice rise, the ice is
compressed and hence slows down rapidly as it gets closer to the ice rise, which induces a thickening of ice
(supporting informationMovie S2).Downstreamof the ice rise, theopposite is true, resulting in amuch thinner
ice layer, only tens ofmeters thick. In reality, open sea is themost common situation behind ice rises (Figure 3).
However, this is not reproducible by BISICLES for the model does not account for a calving or a damage law,
but such a situation can be guessed from the thin layer of ice simulated downstream of the ice rise.
Ice rise promontories, characterized by a local ice ﬂow and connected to the main ice sheet through a saddle
area, are commonly observed along the coast of DML, as well as completely isolated ice rises (Figures 3b–3e).
There, the endof the last deglaciationoccurredbetween6and10 thousandyears ago [Mackintoshetal., 2014].
Since then the grounding line has been stable. However, as observed in other parts around Antarctica [Jacobs
et al., 2011], the relatively warmer water of Circumpolar Deep Water can override the continental shelf front
and increase the sub–ice shelf melting at the base of ice shelves. Hellmer et al. [2012] simulated a warming of
2∘C over the coming century in the cavity underneath the Filchner-Ronne Ice Shelf, due to a redirection of the
coastal current into the Filchner trough. If such a scenario would happen at the base of ice shelves in DML, the
subsequent loss of buttressing may resume the retreat of the ice sheet, which, according to our simulations,
may turn promontories (such as those shown in Figure 3) rapidly into ice rises. This, however, is only valid
when a retrograde slope is present upstream of the present-day grounding line. For some outlet glaciers this
is the case [Callens et al., 2014].
The most recent modeling attempts aimed at reconstructing the ice volume in Antarctica from the last
deglaciation [Maris et al., 2014; Golledge et al., 2014] employ ice sheet models at relatively coarse resolutions,
which questions whether they guarantee a coherent migration of the grounding line and hence the retreat
of the ice sheet [Pattyn et al., 2013], a problem usually circumvented by applying a large amount of basal
slipperiness as is the case in these model simulations. Furthermore, not all approximations to the Stokes
equations are valid for transient evolution of Stokes problems, such as grounding lines or ice rises [Pattyn and
Durand, 2013].
Our attempt to reconstruct an ice rise from Antarctic-like conditions over the last deglaciation shows that the
buttressing induced by the presence of an ice rise signiﬁcantly decelerates the retreat of the ice sheet during
the transient state, while initial and ﬁnal steady states of both buttressed and nonbuttressed experiments are
found to be close. Sea level, a major driver in Antarctic deglaciation [Deschamps et al., 2012], has undergone
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major rises, such as, for instance, themelt water pulse 1A duringwhich the sea level rose by 14–18m in about
350 years [Deschamps et al., 2012]. This dramatic changemust have induced large increases in ocean pressure
exerted on the ice sheet margins and therefore grounding line retreat. However, the timing of the retreat,
which is crucial in establishing sea level history, may be largely delayed due to the presence of subglacial
highs on the continental shelf, although ﬁnal grounding line positions are less aﬀected by their presence.
Furthermore, the numerous ice rise promontories along the DML coast, as depicted in Figure 3b, may well be
transient features. This may in part explain why underneath one of these domes (the promontory shown in
Figure 3d) the Raymond eﬀect is absent (unpublished data from the analysis in Pattyn et al. [2012b]). The same
study clearly shows that the bedrock beneath the saddle between the promontory and the continental ice
sheet lies 500 m below sea level, which makes the area prone to undergo a marine ice sheet instability and a
subsequent retreat of the grounding line further inland [Pattyn et al., 2012b] (Figure 2).
5. Conclusion
We simulated for the ﬁrst time the formation and evolution of an ice rise within an ice shelf and demonstrated
that such a feature is the consequence of ice sheet deglaciation and inland migration of the grounding line
across the continental shelf. A number of ﬁeld-observable features showed up in the modeling: (i) a very low
ice shelf thickness downstream of an ice rise that explains the formation of rifts, ice shelf breakup, and open
water in similar areas in Antarctica; (ii) the formation of an ice rise promontory separated from the conti-
nental ice sheet by a saddle, which are found to be transient features; and (iii) the formation of a stable ice
rise characterized by a radial ice ﬂow center pattern on top of the topographic high pinning the ice shelf,
while most of the ice ﬂow from the ice shelf is diverted around the ice rise. Ice rises—as simulated in these
experiments—seem stable features of the ice sheet-ice shelf system, although they buttress the ice sheet
considerably. The stability is corroborated fromﬁeldmeasurements of the Raymond eﬀect [Drews et al., 2015].
Buttressing due to ice rises is not a key factor in determining the position of steady state grounding lines,
whichwill depend on the eﬀectiveness of the bedrock shape inmarine ice sheet conditions to stabilize on ret-
rograde slopes [Gudmundsson, 2013]. However, ice rises do have a major inﬂuence on grounding line retreat
rates as they slow its movement across the ice shelf. Finally, this study also highlights the need for relevant
ice sheet models and the importance of grounding line resolution in order to coherently reproduce highly
dynamic features related to abrupt changes in sea level rise that occurred during the last deglaciation.
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